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Hindbrainhindbrain involves a segmentation process leading to the formation of seven
rhombomeres along the antero-posterior axis. While recent studies have shed light on the mechanisms
underlying progressive subdivision of the posterior hindbrain into individual rhombomeres, the early events
involved in anterior hindbrain patterning are still largely unknown. In this paper we demonstrate that two
zebraﬁsh Iroquois transcription factors, Irx7 and Irx1b, are required for the proper formation and
speciﬁcation of rhombomeres 1 to 4 and, in particular, for krox20 activation in r3. We also show that Irx7
functionally interacts with Meis factors to activate the expression of anterior hindbrain markers, such as
hoxb1a, hoxa2 and krox20, ectopically in the anterior neural plate. Then, focusing on krox20 expression, we
show that the effect of Irx7 and Meis1.1 is mediated by element C, a conserved cis-regulatory element
involved in krox20 activation in the hindbrain. Together, our data point to an essential function of Iroquois
transcription factors in krox20 activation and, more generally, in anterior hindbrain speciﬁcation.
© 2008 Elsevier Inc. All rights reserved.Introduction
Antero-posterior (AP) patterning of the vertebrate brain is initiated
during gastrulation in the newly formed neural plate. In the hindbrain,
AP patterning involves a segmentation process that leads to the
formation of seven bulges called rhombomeres (r). The rhombomeres
are cellular compartments and constitute segmental units for neu-
ronal differentiation and gene expression (Lumsden and Krumlauf,
1996; Moens and Prince, 2002; Schneider-Maunoury et al., 1998).
Among the numerous genes involved in the formation and speciﬁca-
tion of rhombomeres, the zinc ﬁnger gene Krox20/Egr2 (krox20/egr2b
in zebraﬁsh), expressed in r3 and r5, plays an essential role in the
expansion and speciﬁcation of these two rhombomeres (Giudicelli et
al., 2001; Voiculescu et al., 2001), thereby subdividing the hindbrain
into odd-numbered and even-numbered rhombomeres. Thus, dis-
covering how krox20 expression is regulated is essential to fully
understand the process of hindbrain segmentation.
In zebraﬁsh, the sequence of events leading to caudal hindbrain
segmentation and krox20 activation in r5 has been partially uncovered.eu.fr (S. Schneider-Maunoury).
idelberg, Germany.
l rights reserved.During gastrulation, retinoic acid (RA) produced in the paraxial
mesoderm activates hoxb1b expression up to the future r3/r4 boundary
(Maves and Kimmel, 2005). hoxb1b initiates a genetic cascade lead-
ing to the subsequent subdivision of this r4–r7 domain (Choe and
Sagerstrom, 2004) and, together with hoxb1a, is an essential det-
erminant of r4 identity (McClintock et al., 2002). RA also activates the
expression of the homeobox gene vhnf1 posterior to the r4/r5
boundary (Hernandez et al., 2004; Maves and Kimmel, 2005;
Wiellette and Sive, 2003). Vhnf1 synergises with Fgfs secreted by r4
to activate valentino (val, the zebraﬁsh orthologue of MafB), a gene
coding for a bZIP transcription factor, in r5–r6 and krox20 in r5 (Sun
and Hopkins, 2001;Wiellette and Sive, 2003). Thus, the caudal (r4–r7)
hindbrain is subdivided into individual rhombomeres at the beginning
of somitogenesis.
In contrast, the mechanisms involved in the speciﬁcation of the
anterior hindbrain and in its subdivision into individual rhombomeres,
particularly in the activation of krox20 expression in r3, have been
poorly characterised. Recently, several studies have demonstrated a
requirement for the families of Hox cofactors Pbx and Meis/Prep in this
process (Choe et al., 2002; Deﬂorian et al., 2004; Waskiewicz et al.,
2001, 2002). In zebraﬁsh, at least ﬁve meis/prep genes (meis1.1, meis2.1,
meis2.2, meis 3.1 and prep1.1) and two pbx genes (pbx2 and pbx4) are
expressed in the hindbrain at the onset of segmentation (Waskiewicz
et al., 2001; Zerucha and Prince, 2001). Genetic analysis has identiﬁed
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AP axis (Popperl et al., 2000). Interestingly, embryos lacking all Pbx
function in the hindbrain, obtained by injection of pbx2 Mo into a lzr
null mutant background, present a transformation of all rhombomeres
into r1 identity; in particular, krox20 expression in r3 and r5 is lost
(Waskiewicz et al., 2002). Inhibition of Meis function by dominant-
negative forms also results in the disruption of hindbrain segmentation,
supporting the idea that Pbx and Meis genes function in a common
pathway (Aamar and Frank, 2004; Choe and Sagerstrom, 2004; Choe et
al., 2002; Deﬂorian et al., 2004; Dibner et al., 2001; Dibner et al., 2004;
Salzberg et al., 1999; Vlachakis et al., 2001; Waskiewicz et al., 2001).
Since Meis and Pbx act as Hox cofactors, it has been proposed that Hox
genes could have a role in the speciﬁcation of the whole hindbrain. This
hypothesis is supported by experiments in Xenopus embryos, which
show that the loss of function of all paralogous group 1 (PG1)Hox genes
leads to a transformation of all rhombomeres into r1 identity, a
phenotype similar to the Pbx-less embryos (McNulty et al., 2005).
Two zebraﬁsh Iroquois (Irx) genes, irx1b and irx7, are expressed
during gastrulation in the prospective midbrain and anterior hind-
brain (Itoh et al., 2002; Lecaudey et al., 2001, 2004). Irx proteins
belong to the same TALE superfamily of transcription factors as Pbx
and Meis (Burglin, 1997); they are involved in various embryonic
patterning processes (Cavodeassi et al., 2001; Gomez-Skarmeta and
Modolell, 2002) and in the activation of proneural gene expression
(Gomez-Skarmeta et al., 1996, 1998; Itoh et al., 2002). We have shown
previously that irx7 was involved in positioning the r4/r5 boundary
(Lecaudey et al., 2004). More anteriorly, irx7 and irx1b are implicated
in the formation of the midbrain–hindbrain boundary (mhb) (Itoh et
al., 2002). In the present report, we uncover a novel function of irx7
and irx1b in the anterior hindbrain.
Experimental procedures
Zebraﬁsh lines and maintenance
Zebraﬁsh (Danio rerio) were raised and staged as previously
described (Kimmel et al., 1995; Westerﬁeld, 1995). The vhnf1hi2169
mutant (Sun and Hopkins, 2001), the valb337 mutant (Moens et al.,
1996) and the Isl1-GFP transgenic (Higashijima et al., 2000) lines have
been described previously.
Constructs
Constructs for the in vitro synthesis of mRNAs were generated by
cloning cDNAs into the pCS2+ or pCS2+MT vectors. The meis1.1myc
and irx7 expression constructs have been described previously
(Lecaudey et al., 2004; Waskiewicz et al., 2001). To make the eltC:
gfp transgenesis construct, the 1263 bp zebraﬁsh element C was PCR
ampliﬁed using primers 5'-gcgatgcatcattgataaatggtttctaatgattgg-3'
and 5'-gcggtcgaccgctgatgagagcaaacg-3' and cloned in front of the
GFP coding sequence into the Tol2 transgenesis vector (Kawakami
et al., 2004) modiﬁed by addition of a Gata2 promoter (T. Becker,
personal communication).
DNA, RNA and morpholino injections, transgenesis and cell
transplantations
Capped RNAs were transcribed with SP6 RNA polymerase and
injected in one cell at the four cell stage at the following concen-
trations: meis2.1, meis3.1, prep1.1, meis1.1myc at 80 ng/μL, irx7 at
25 ng/μL, pbx4 and gfp at 60 ng/μL, irx1b at 30 ng/μL. eltC:gfp DNA
(25 ng/μL) was coinjected with Tol2 transposase RNA (25 ng/μL)
(Kawakami et al., 2004) at the one cell stage. To obtain Tg(eltC:gfp)
transgenic lines, embryos injected with eltC:gfp DNA and Tol2 trans-
posase were selected for ﬂuorescence in the r3–r5 region at 24 hpf,
then raised to adulthood and outcrossed. Morpholinos for irx7 (Mo7),hoxb1a (Mohoxb1a), hoxb1b (Mohoxb1b) and p53 (Mop53) were
already described (Lecaudey et al., 2004; McClintock et al., 2002; Robu
et al., 2007). We designed an irx1b morpholino (Mo1b): acatgtccaa-
ctcccgaggaactct and an irx7 splice morpholino (Mosp7): gtcaaaatac-
tacttacaatgtgtg. Morpholinos (Gene-Tools) were resuspended inwater
at 4 mM and diluted to working concentration in Danieau buffer. Mo7,
Mosp7 and Mo1b: 1 mM; Mohoxb1a: 0.25 mM; Mohoxb1b: 0.5 mM.
For Mop53, the concentration used equalled the total concentration of
the coinjected morpholinos. For mosaic rescue experiments, Mo1b
and Mosp7 were injected at the one cell stage, and irx7 and gfp RNAs
were injected at the 8–32 cell stage. For cell transplantations, donor
embryos were injected at the one cell stage with tetramethylrhoda-
mine dextran (Mr 70×103, Molecular Probes) and irx7+meis1.1 RNA.
Transplantations of donor cells into host embryos were carried out at
sphere stage.
Whole mount in situ hybridisation and immunohistochemistry
In situ hybridisation (ISH) and immunohistochemistry (IHC) were
performed as previously described (Lecaudey et al., 2004). For
immunohistochemistry, the following antibodies were used: rabbit
anti-phospho-Histone H3 antibody (Upstate 06-570,1:200) and rabbit
anti-Caspase 3 antibody (R&D systems AF835, 1:200). For double
ﬂuorescence ISH, krx20 and hoxb1a were detected using the
tyramide-FITC signal ampliﬁcation method (Perkin Elmer) and Fast
Red (Roche), respectively. Confocal optical sections of ﬂat-mounted
embryos were obtained with an inverted Leica DMIRBE microscope.
Anti-Irx7 antibody generation and Western blot
A rabbit polyclonal antibody was raised against two Irx7 peptides:
RGGPYYTPYRPIPAD (amino acids 88–102) and SPVNLSTHDLLKQSQ
(amino acids 300–314). Peptide synthesis and antibody preparation
were performed by Eurogentec. The antibody was characterised by
Western blot on nuclear extracts from 100% epiboly stage embryos
(Fig. S4 in supplementary material), using the preimmune serum as
control.
Co-immunoprecipitation assays
Proteins were produced either in vivo in COS7 cells or in vitro using
an SP6 Coupled Reticulocyte Lysate System (Promega, Madison, WI).
For in vivo production, the expression plasmids were transfected into
COS-7 cells using the Lipofectamine Transfection Reagent (Invitrogen).
Cell lysates were prepared as described (Dignam et al., 1983). Nuclear
membranes were disrupted by the addition of 0.5% Nonidet P-40, the
suspensionwas brought to 0.4 M NaCl and 0.2 mM EDTA. The Irx7HA-
tagged proteinwas puriﬁed using the anti-HA Afﬁnity Matrix (Roche).
For co-immunoprecipitation (coIP) of in vitro translated 35S-labelled
proteins, 40 μL (for 2 proteins) or 60 μL (for 3 proteins) were added to
300 μL of 1X binding buffer (10 mM Tris–HCl at pH 7.5, 75 mM NaCl,
1 mM ethylenediamine-tetraacetic acid [EDTA], 1 mM dithiothreitol
[DTT]), along with 1% bovine serum albumin [BSA], 1X Pefabloc and
2 μg of poly(I-C), and incubated overnight at 4 °C in the presence of 3 μL
of anti-Myc antibody (Upstate Biotechnology 06-549) and 30 μL of
protein A-Sepharose beads. Beads were washed 5 times with 1 mL of
1X binding buffer, and precipitated proteins were analysed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by autoradiography. For coIP of in vivo produced proteins, 30 μL
of each protein produced in COS7 cells were added to 300 μL of Binding
Buffer (10 mM Tris HCl, pH7.5; 75 mM NaCl; 1 mM EDTA; 1 mM DTT;
0.1% NP40; 0.1% BSA; 1 mM phenylmethylsulfonyl ﬂuoride; 1 μg/mL
leupeptin; 1 μg/mL pepstatin; 1 μg/mL aprotinin), 8 μg poly dIdC and
incubated at 4 °C in the presence of 4 μL anti-Irx7 (for Irx7 HA), or anti-
Myc (9B11, Ozyme) (for Meis1.1Myc) antibodies, and 40 μL protein A-
sepharose beads. The immune complexes were collected by a brief
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4 °C. The precipitation products were assayed byWestern-blotting for
Irx7 and Myc.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was carried out as described
(Havis et al., 2006). For Irx7 ChIP,10 μL of the anti-Irx7 antiserumor 10 μL
of the corresponding pre-immune serum were used per 10 μg of
sonicated chromatin. For Meis1.1 ChIP, meis1.1myc RNA (80 ng/μl) was
injected into embryos at the four cell stage. ChIP was carried out at 100%
epiboly.10 μLof theanti-Mycantibody (9B11,Ozyme)wereusedper10 μg
of sonicated chromatin. Immunoprecipitated DNA was analysed by PCR
using the following primers: for krox20 element C (297 bp), 5′-
gttaatgacaggaggtcg-3′ and 5′-gctctctgggataaaggt-3′; for the intermediate
region (422 bp), 5′-tgcaaccacttgcctcac-3′ and 5′-gcgctgctgttagcctcc-3′,
and for krox20 proximal promoter (310 bp), 5′-ggggtgtagatgtttaccgg-3′Fig. 1. irx1b and irx7 are required for the expression of krox20 in r3. Embryos uninjected (n
(Mo1b; C, G), coinjected with both morpholinos (Mo1bMo7) (D, H, J, L, N) or injected with M
the left and colour-coded. Panels A–D are lateral views of whole embryos, and panels E–P a
hindbrain of a partially rescued morphant, which shows that krox20 expression in r3 is rest
embryonic stage is indicated at the bottom-right of each picture. Arrowheads in panels J, L
morphants.and 5′-ctgcgcgttctgattggttg-3′. The ampliﬁed regions are located at
41 kbp, 22.4 kbp and 114 bp upstream of the krox20 transcription start
site, respectively.
Results
The Iroquois factors Irx7 and Irx1b are required for krox20 activation
in r3
Two Iroquois genes, irx7 and irx1b, are expressed in the anterior
hindbrain during gastrulation (Lecaudey et al., 2005). We investigated
the respective roles of these two genes in hindbrain patterning by
morpholino injection and analysis of krox20 expression (Oxtoby and
Jowett, 1993) at early somite stages (Fig. 1). As previously observed
(Lecaudey et al., 2004), injection of a morpholino speciﬁc for irx7
(Mo7) led to a reduction of r4 and to an expansion of r5 (in 75% of the
injected embryos, n=53) (Figs. 1B, F), as compared to controls (Figs.i; A, E, I, K, M) or injected with the morpholino against irx7 (Mo7; B,F) or against irx1b
o1b, Mosp7 and irx7 and gfp RNAs (O, P), were stained by ISH with probes indicated on
re dorsal views of ﬂat-mounted embryos. Panel P is a high magniﬁcation of part of the
ored speciﬁcally in gfp and irx7 expressing cells (arrows). Rostral is toward the left. The
, N indicate the absence of krox20 expression at the position of r3 in double Mo1bMo7
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with a morpholino speciﬁc for irx1b (Mo1b) presented a similar, al-
though milder, phenotype (46%, n=54) (Figs. 1C, G). In embryos
coinjected with Mo1b and Mo7, only one stripe of krox20 was ob-
served (88%, n=61) (Figs. 1D, H). In order to characterise the identity
of the single krox20 stripe in Mo1bMo7 double morphants, we
performed double ISH with val (a marker of r5 and r6) (Moens et al.,
1998) and krox20. In control embryos, the r3 (red) stripe of krox20
expression was clearly detectable, while the r5 stripe was covered by
val expression (Fig. 1I). In Mo1bMo7 double morphants, the krox20
stripe overlapped totally with the anterior part of the val expression
domain (100%, n=34) (Fig. 1J), demonstrating that krox20 expression
in r3 was totally absent.
The absenceofkrox20expression in r3 at the 5 s stage could bedue to
a defect in the maintenance or in the activation of its expression. To
discriminate between these two possibilities, we analysed krox20
expression at early stages of its activation in the hindbrain. At the 2 s
stage (Figs. 1K, L), krox20 expression in r3 was already absent in double
morphants (arrowhead in Fig. 1L). At the tailbud (tbd) stage, when
krox20 is expressed only in r3 in control embryos (Fig. 1M), krox20
expressing cells were not detected in Mo1bMo7 double morphants
(arrowhead in Fig.1N).We controlled the speciﬁcityof thephenotypeby
injecting in the same embryos Mo1b, Mosp7 (a splice morpholino that
gives the same phenotype asMo7 (Figs.1O, P and data not shown)), irx7
and gfp RNAs. gfp RNA was used as a marker for the cells expressing
ectopically irx7. In a control experiment, gfp RNA injection on its own
was not able to activate krox20 expression (data not shown). irx7 and gfp
RNAs were injected at the 16–32 cell stage, in order to obtain mosaic
distribution of the ectopically expressed proteins. This experiment led to
a restoration of krox20 expression in r3, only in the domains where gfp,
and thus irx7, were present (Figs. 1O, P, arrows). Together, these results
demonstrate that irx7 and irx1b are required in the anterior hindbrain
for krox20 activation in r3.
The knockdown of irx7 and irx1b leads to a reduction and to a
misspeciﬁcation of the anterior hindbrain
In order to determine whether the knockdown of irx7 and irx1b
affected the size of the anteriorhindbrain,weperformed combined ISH
for otx2, a marker of the forebrain and midbrain (Mori et al., 1994),
hoxb1a, a marker of r4, and krox20 (Figs. 2A, B). In Mo1bMo7 mor-
phants, the distance between the caudal limit of otx2 expression (the
midbrain–hindbrain boundary, mhb) and the anterior limit of krox20
expression in r5was severely reduced (64±10 μmindoublemorphants
(n=46) instead of 153±5 μm in control embryos (n=3)) (Figs. 2A, B).
hoxb1a expression in r4was reduced both in intensity and extent (76%,
n=46). However, unlike krox20 expression in r3, it was never totally
abolished (Fig. 2B). The shortening of the anterior hindbrain could be
due to local cell deathor to reduction in cell proliferation. To test for cell
death, we performed an anti-Caspase 3 staining to detect apoptotic
cells at tailbud stage (Fig. S1 in supplementarymaterial). To avoid non-
speciﬁc cell-death caused bymorpholino injection,Mop53 (Robu et al.,
2007) was coinjected with Mo1b and Mo7. In Mo1bMo7Mop53 mor-
phants, the number of apoptotic cells throughout the embryo was
extremely low (0 to 15 cells per embryo, n=15). Moreover, we did not
ﬁnd a signiﬁcant difference in the number of apoptotic cells between
the anterior hindbrain and other brain regions. We then tested cell
proliferation using an anti-phosphorylated Histone H3 (H3P) antibody
to detect mitotic cells at the 100% epiboly and 1 s stages (Fig. S2 in
supplementary material). At both stages, the number of H3P positive
cells was not signiﬁcantly different in control embryos (6.7±1.2 cells/
104 μm2 at 100% epiboly (n=16) and 9.5±2.3 cells/104 μm2 at 1 s,
(n=11)) and in Mo1bMo7 morphants (8.5±2.4 cells/104 μm2 at 100%
epiboly (n=25) and 8.7±1.0 cells/104 μm2at 1 s, (n=14)). Therefore, cell
death and reduction in cell proliferation are unlikely to bemajor causes
of anterior hindbrain shortening in Mo1bMo7 morphants.In order to examine more precisely the consequence of knocking
down irx7 and irx1b, we analysed the expression of other anterior
hindbrain markers in double Mo1bMo7 morphants (Figs. 2D, F, H, J, L,
N, P, R) as compared to uninjected embryos (Figs. 2C, E, G, I, K, M, O, Q).
fgf3 expression in r4 (Maves et al., 2002; Walshe et al., 2002) was not
reduced in intensity nor in extent (Figs. 2C, D) suggesting that, despite
the down-regulation of hoxb1a expression, the speciﬁcation of the
r4 territory was at least partially maintained. cyp26c1 expression
in the r2–r4 region at the tailbud stage (Hernandez et al., 2007) was
lost (Figs. 2E, F). cyp26b1 expression in r3 and r4 (Hernandez et al.,
2007) was reduced in intensity and extent, now spanning the size of
about one rhombomere (Figs. 2G, H). fgf8 expression in the hindbrain
normally comprises two domains, one covering the mhb, r1 and the
medial part of r2, and another corresponding to r4 (Reifers et al., 1998)
(Fig. 2I). The presence of only one domain of fgf8 expression in
Mo1bMo7 morphants (Fig. 2J) conﬁrmed the loss of r3 and suggested
a loss or a misspeciﬁcation of r2. The loss of r2 and r3 was also
suggested by the total absence of hoxa2 expression, normally observed
in these two rhombomeres (Prince et al., 1998) (98%, n=46) (Figs.
2K, L). In order to test for the presence of r1, we performed ISH for
wnt1, a marker of the midbrain andmhb (Molven et al., 1991), fgf3 and
krox20 (Figs. 2M, N). The domain located between the mhb and r4 was
reduced to the size of about one rhombomere in double morphants
(black line in Fig. 2N), suggesting that r1, contrary to r2 and r3, was
still present. As the most anterior part of the hindbrain later becomes
subdivided into r0 and r1, we conﬁrmed the presence of r1 at a later
stage in Mo1bMo7 morphants by analysing the expression of two
speciﬁc markers of this territory, efnb2 and fgfr3. efnb2 is expressed in
r1, r4 and the forebrain at the 13 s stage (Cooke et al., 2001) (Fig. 2O).
In Mo1bMo7 morphants, a single domain of efnb2 expression in the
hindbrain, possibly corresponding to r1 and r4, abutted the anterior
limit of krox20 expression (brackets in Fig. 2P). fgfr3 is expressed
faintly throughout the hindbrain and at a higher level in r1 (Fig. 2Q)
(Sleptsova-Friedrich et al., 2001). In Mo1bMo7, the r1 stripe of fgfr3
expression was still present (Fig. 2R). Moreover, fgfr3 was up-
regulated anteriorly in a region directly abutting r1. This suggested
that r0, in contrast to r1, was missing. These experiments also
conﬁrmed the strong reduction of the midbrain already observed by
Itoh et al. (2002). Finally, we examined the integrity of hindbrain
motoneuronal derivatives, by injecting Mo1b and Mo7 into Isl1-GFP
transgenic embryos (Figs. 2S, T) (Higashijima et al., 2000). In zebraﬁsh
embryos, Vth (trigeminal) motoneurons originate in two discrete
groups in r2 and r3 and migrate laterally in these two rhombomeres,
while the VIIth (facial) neurons originate in r4 and migrate caudally to
reach r6 and r7, where they then migrate laterally (Chandrasekhar
et al., 1997). In Mo1bMo7 morphants, the Vth motoneurons were
totally missing and the population of VIIth motoneurons was reduced
(87%, n=30). These defects in hindbrain neuroanatomy are consistent
with the complete loss of r2/r3 molecular markers and with the mis-
speciﬁcation of r4.
In conclusion, our data demonstrate that irx1b and irx7 are essen-
tial for the speciﬁcation of the anterior hindbrain. In the absence of
Irx1b and Irx7 proteins, r2 and r3 are lost. Moreover, the whole r1–r4
region is shortened and displays altered patterns of gene expression.
The anterior expansion of r5 suggests that this shortening may be
caused, at least in part, by a respeciﬁcation of the anterior hindbrain
into adjacent territories. Finally, our results suggest that the expres-
sion of krox20 (in r3), hoxa2, hoxb1a and cyp26 genes is regulated,
directly or indirectly, by the Irx7 and Irx1b transcription factors.
When ectopically expressed, irx7 and meis1.1 cooperatively activate
krox20 expression in the anterior neural plate
Since irx1b and irx7 are required for the speciﬁcation of anterior
rhombomeres, we wanted to test whether these genes were also
sufﬁcient to activate anterior hindbrain markers ectopically in other
Fig. 2. irx1b and irx7 are required to pattern the anterior hindbrain. (A–R) Embryos uninjected (A,C,E,G,I,K,M,O,Q) or coinjected with Mo1b and Mo7 (B, D, F, H, J, L, N, P, R) were
stained by ISH with probes indicated on the left and colour-coded. Dotted lines in panels A and B indicate the AP length of the r1–r4 region. Arrowheads in panels B, F, H point to
reduced expression domains of hoxb1a, cyp26c1 and cyp26b1, respectively. (S, T) Isl1-GFP transgenic embryos uninjected (S) or coinjected with Mo1b and Mo7 (T). The motoneurons
of cranial nerves V (trigeminal, born in r2 and r3) and VII (facial, born in r4 andmigrating into r6–r7) and the rhombomeres (r) are indicated. The dotted ovals show the position of the
otic vesicle. All pictures are dorsal views of the hindbrain region of ﬂat-mounted embryos, with rostral toward the left. The embryonic stage is indicated at the bottom-right of each
picture.
570 A. Stedman et al. / Developmental Biology 327 (2009) 566–577regions of the neural plate. Injection of irx7 or irx1b RNA, alone or
together, into 1–4 cell stage embryos did not lead to ectopic activation
of krox20 (Figs. 3A, B and data not shown). This shows that these Irx
factors are not sufﬁcient on their own to activate krox20. Because
the reduction of Pbx or Meis/Prep activity in the zebraﬁsh hindbrain
leads to a progressive loss of rhombomere identity, with a particularly
strong effect on r3 (Deﬂorian et al., 2004; Popperl et al., 2000;
Vlachakis et al., 2001; Waskiewicz et al., 2001, 2002), we thought that
these genes could cooperate with irx genes to activate anterior hind-
brain markers. Since Irx7 and Meis1.1 expression domains overlap in
r3 and r4 at the end of gastrulation (Fig. S3 in supplementary
material), we tested the possibility that these genes interact. Embryos
injected withmeis1.1 alone showed, in rare cases, some ectopic krox20expressing cells in r2 (6%, n=99; Fig. 3C and data not shown). In
contrast, coinjection of both meis1.1 and irx7 led to a strong ectopic
activation of krox20 expression in the anterior neural plate at early
somite stages (Figs. 3D, E). In total, 60% (n=385) of the embryos
coinjected with irx7 and meis1.1 showed ectopic expression of krox20.
These data indicate that overexpression of irx7 together with meis1.1
is sufﬁcient to cooperatively activate krox20 expression in the anterior
neural plate. Coinjection of irx1b and meis1.1 RNAs did not lead to
ectopic krox20 expression (data not shown). We wondered whether
other meis/prep family genes could also cooperate with irx7. Injection
of meis2.1 RNA alone led to an expansion of r3 or to krox20 ectopic
expression limited to r2 (53%, n=17) (Fig. 3F). When meis2.1 was
coinjected with irx7 RNA, a very strong ectopic activation of krox20
Fig. 3. Coinjection of irx7 and meis1.1 RNAs leads to ectopic expression of krox20 in the anterior neural plate. Embryos uninjected (A) or injected with RNAs for irx7 (B), meis1.1 (C),
meis1.1 and irx7 (D, E, H, I),meis2.1 (F), meis2.1 and irx7 (G) were stained by ISHwith probes indicated on the left and colour-coded. Panels A–H arewild type embryos, and I is a vhnf1
homozygous embryo. All pictures show dorsal views of ﬂat-mounted (A–E, H, I) or whole (F, G) embryos, with anterior toward the left. All embryos are at the 5 s stage.
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3G). In contrast,meis3.1 and prep1.1 did not activate krox20 ectopically
when coinjected with irx7 (data not shown).
These results show that Irx7 and Meis proteins can cooperate to
activate krox20 expression. This observation, together with the loss-
of-function data, suggests that this interaction is involved in krox20
activation in r3. We wondered whether this functional cooperation
reﬂected a physical interaction between Meis and Irx7 proteins. How-
ever, coimmunoprecipitation experiments using tagged forms of these
two proteins did not allow us to demonstrate such an interaction (Fig.
S4 in supplementary material). In the case of the trimeric Hox/Pbx/
Meis complex, Hox andMeis do not interact directly together, but only
through Pbx co-factors (Ferretti et al., 2000; Mann and Affolter, 1998;
Vlachakis et al., 2000). Therefore, we next tested whether Irx7 and
Pbx4 could interact in vitro and whether in the presence of Pbx4, Irx7
andMeis1.1 interaction could be facilitated. No such interactions could
be observed while, as expected, Pbx4 and Meis1.1 did show a physical
interaction in the same assay (Fig. S4C).
irx7 and meis1.1 activate the expression of r2–r4, but not r5–r6, markers
It has been previously shown that homeodomain transcription
factors of the Meis and Pbx families initiate a regulatory cascade that
leads to krox20 activation in r5 (Choe and Sagerstrom, 2004).
Members of this cascade include vhnf1, expressed in the caudal
hindbrain up to the r4/r5 boundary, and val, a downstream target of
the Vhnf1 transcription factor. We investigated whether this
regulatory cascade was involved in the ectopic expression of krox20
in the anterior neural plate. For this purpose, we coinjected irx7 and
meis1.1 in vhnf1hi2169 mutants, in which val expression in r5–r6 and
krox20 expression in r5 are strongly reduced (Hernandez et al., 2004;
Sun and Hopkins, 2001). Ectopic expression of krox20 after coinjec-
tion with irx7 and meis1.1 was still observed in vhnf1hi2169 homo-
zygous embryos (Fig. 3I), with an efﬁciency similar or even higher to
that observed in heterozygous and wild type siblings (Fig. 3H) (65%,
n=20 for vhnf1hi2169 homozygotes, 39%, n=80 for controls, in two
different experiments). A similar result was obtained with val
mutants (data not shown). This result shows that the mechanisms
mediating the cooperative activity of Irx7 and Meis to activate krox20ectopically are different from those underlying the activation of
krox20 in r5.
We therefore wanted to determine precisely the identity speciﬁed
by the cooperative function of irx7 and meis1.1. First, we analysed the
expression of the posterior hindbrain markers vhnf1, val and hoxb3.
Embryos injected with irx7 and meis1.1 expressed krox20 ectopically
(45%, n=38), but only 2.6% of these embryos had a few val expressing
cells anteriorly (n=38) (Figs. 4A, B and data not shown). Similarly, the
embryos coinjected with irx7 and meis1.1 never showed ectopic
expression of hoxb3, although 65% (n=34) expressed krox20 ecto-
pically (data not shown). A similar result was obtained with vhnf1
(Figs. 4C, D). These results are consistent with vhnf1 and val not
being required for krox20 ectopic expression upon irx7 and meis1.1
injection.
To determine whether irx7 and meis1.1 could activate r4 markers,
we analysed the expression of hoxb1a, fgf3 and hoxb1b. Although
injection of meis1.1 or irx7 alone had no effect on hoxb1a expression
(data not shown), coinjection of irx7 and meis1.1 led to ectopic
activation of hoxb1a anterior to r4 in 32% (n=126) of the embryos
(Figs. 4E, F). As for krox20, ectopic expression of hoxb1a was found in
the forebrain, the midbrain and the anterior hindbrain. fgf3 was not
ectopically activated in the anterior neural plate of embryos
coinjected with irx7 and meis1.1, even in embryos showing a strong
ectopic activation of krox20 anteriorly (Figs. 4G, H). Similarly, coin-
jection of irx7 and meis1.1 did not activate hoxb1b expression in the
anterior neurectoderm at the mid-gastrula stage (75% epiboly)
(Figs. 4I, J). In these embryos, krox20 was prematurely activated,
both in r3 and ectopically in the anterior neurectoderm (Fig. 4J, and
see also Fig. 4D). Altogether, these data suggest that the synergistic
activity of irx7 and meis1.1 is sufﬁcient to activate hoxb1a, but not
other r4 markers.
Finally, we analysed the expression of the anterior hindbrain
markers fgf8, hoxa2 and cyp26b1. In embryos coinjected with irx7 and
meis1.1, all three genes were expressed ectopically in the anterior
neural plate: fgf8 (55%, n=20) (Figs. 4K, L), hoxa2 (71%, n=28)
(Figs. 4M, N) and cyp26b1 (Figs. 4O, P). Ectopic expression was also
observed for the hoxPG2 gene hoxb2 (data not shown). Embryos
injected with either meis1.1 or irx7 alone did not activate fgf8, hoxa2,
hoxb2 or cyp26b1 ectopically (data not shown).
Fig. 4. Coinjection of irx7 andmeis1.1 RNAs leads to ectopic expression of anterior, but not of posterior, hindbrainmarkers. Embryos uninjected (A, C, E, G, I, K, M, O) or coinjected with
meis1.1 and irx7 RNAs (B, D, F, H, J, L, N, P) were processed for ISH with the probes indicated on the left and colour-coded. A–L, O, P show dorsal views of whole embryos with rostral
toward the left (C, D, H, I–L, O, P) or toward the top left (A, B, E, F, G). M, N are lateral views of whole embryos with rostral toward the left. Stages are 5 s for A, B, E, F, G, H, K, L, O, P; 15 s
for M,N and 100% epiboly for C, D, I, J. Black and red arrowheads point to ectopic gene expression domains (colour-coded). tel: telencephalon.
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activate the expression of some r2–r4 markers, but not of r5–r6
markers, in the anterior neural plate. These results are fully consistent
with the irx1b and irx7 loss of function data. Altogether, our data
demonstrate that irx and meis genes are necessary and sufﬁcient for
anterior hindbrain formation and patterning.
Irx7 and Meis1.1 activate krox20 cell autonomously, in an Hoxb1a
dependent manner
To further investigate the mechanisms of Irx7 and Meis1.1 func-
tion, we focused on two of the potential target genes, krox20 and
hoxb1a and, as a ﬁrst step, we tested the cell-autonomy of theirectopic activation. For that purpose, we grafted rhodamin-labelled
cells from donor embryos injected with irx7 and meis1.1 RNA, into
unlabelled, host embryos. In host embryos at 2–5 s, the cells expressing
krox20 ectopically in the anterior neural plate were strictly derived
from rhodamin-labelled donor cells (n=15) (Figs. 5A–C). A similar
result was found when ectopic expression of hoxb1a was analysed
(n=7) (Figs. 5D–F). This experiment clearly shows that Irx7 andMeis1.1
activate krox20 and hoxb1a expression in a cell-autonomous manner.
Several recent reports have demonstrated that Meis and Pbx pro-
teins function in the same pathway for hindbrain patterning in zebra-
ﬁsh (Vlachakis et al., 2001;Waskiewicz et al., 2001). Although two pbx
genes, pbx2 and pbx4, are expressed widely in the zebraﬁsh neural
plate (Popperl et al., 2000; Waskiewicz et al., 2002), the endogenous
Fig. 5. Mechanisms of krox20 activation downstream of irx7 and meis1.1. (A–F) Host embryos processed for rhodamine (B, E) and krox20 (A) or hoxb1a (D) staining, after
transplantation of cells form donor embryos injected with rhodamindextran, irx7 and meis1.1. Panels C and F are merged images of panels A and B, or panels C and D, respectively.
(G, H) Embryos injected with irx7 and meis1.1 RNAs and with (H) or without (G) a morpholino for hoxb1a (Mohoxb1a). (I–R) Embryos coinjected with irx7 and meis1.1 RNAs and
processed for ﬂuorescent ISH. K–M and P–R are higher magniﬁcations of the region squared in J and O, respectively, showing krox20 staining (green, M,R), hoxb1a staining (red, L, Q)
or both (merge, K, P). All pictures are dorsal views, with anterior to the left, of ﬂat-mounted (A–F and I–R) or whole (G, H) embryos. Probes are indicated on the left and colour-coded.
All embryos are at the 5 s stage, except when otherwise stated at the bottom left of the picture. In panels I–R, green, red and white arrowheads point to cells showing ectopic
expression of krox20 only, hoxb1a only or both, respectively.
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krox20 by irx7 and meis1.1. To test this hypothesis, we coinjected pbx4
together with meis1.1 and irx7. Injection of the three mRNAs dram-
atically increased the ectopic expression of krox20 compared to the
coinjection of meis1.1 and irx7 (91%, n=116) (data not shown). This
suggests that the functional interaction between Irx7 and Meis1.1
involves Pbx proteins.
Hox PG1 genes have been proposed to be involved in krox20
activation in r3 (McNulty et al., 2005; Wassef et al., 2008). Therefore,
we tested the possible involvement of these genes in krox20 ectopic
expression. For that purpose, we injected embryos with irx7 and
meis1.1 RNA, together with morpholinos speciﬁc for Hox PG1 genes.
When irx7 and meis1.1 RNAs were coinjected with morpholinos
directed against hoxb1b, the percentage of embryos expressing
ectopically krox20 (77%, n=13) was similar to that observed in non
morphants (61%, n=89). This result is consistent with the absence of
ectopic expression of this gene. In contrast, when morpholinos
directed against hoxb1a were injected, the percentage of embryos
ectopically expressing krox20 was signiﬁcantly reduced (20%, n=90).
Moreover, in the latter embryos the size of the krox20 ectopic ex-
pression domain was dramatically reduced (Figs. 5G, H). These resultsindicate that hoxb1a function is essential for the activation of krox20
expression downstream of Irx7 and Meis1.1.
We therefore wanted to examine whether, in our ectopic ex-
pression assay, hoxb1a and krox20 were expressed in the same or in
distinct cells. For that purpose, we performed double ﬂuorescence ISH
for hoxb1a and krox20 on embryos coinjected with irx7 and meis1.1.
Over a total of 60 embryos with ectopic expression, 17 showed ectopic
expression of hoxb1a only, and 43 of both hoxb1a and krox20. At 90–
100% epiboly, hoxb1a and krox20were coexpressed in a large territory
in the anterior neural plate (100%, n=18) (Figs. 5I–M). In this territory,
krox20-expressing cells usually represented only a subset of hoxb1a-
expressing cells, and were more dispersed (Figs. 5K–M). Cells ex-
pressing only krox20 were also found in some embryos (33%, n=18),
often in the close proximity to the forming r3 territory (Figs. 5I, J,
green arrowheads). At early somite stages however (3–5 s), hoxb1a
and krox20 were often expressed in adjacent domains of the anterior
neural plate (52%, n=25) (Figs. 5N–R). These data suggested a pro-
gressive segregation of hoxb1a-expressing and krox20-expressing
cells in the anterior neural plate.
Together, these data show that, in our ectopic expression assay, irx7
and meis1.1 activate krox20 mostly via hoxb1a in a cell-autonomous
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domains progressively emerge, most probably due to mutual repres-
sion and cell segregation processes. This sequence of events is highly
reminiscent of the process of rhombomere formation in the hindbrain.
Irx7 activates krox20 via its cis-regulatory element C
The available data strongly suggest that Irx7 regulates krox20
activation in r3 in a Meis- and Hoxb1a-dependent manner. The search
for cis-acting regulatory elements in the mouse genome responsible
for Krox20 expression has identiﬁed an evolutionary conserved region,
called element C, which drives reporter gene expression in r3 and r5.
Reporter expression is observed even in a Krox20 null mutant back-
ground, strongly suggesting that element C is responsible for the
initiation of krox20 expression (Chomette et al., 2006). Recent data
show that element C function involves direct binding of a Meis/Pbx/
Hoxb1 complex (Wassef et al., 2008). In order to test whether Irx7
function in krox20 activation also occurred via this regulatory
sequence, we cloned element C in zebraﬁsh and made a construct in
which it drives gfp expression (eltC:gfp). DNA from this construct was
injected into one cell stage embryos, and the injected embryos were
analysed at 24 hpf. GFP activity was observed in the r3–r5 region (Fig.
6A and Table S1 in supplementary material). Double ISH for gfp and
krox20 expression on the same embryos conﬁrmed that gfp was pre-
dominantly expressed in r3 and, more faintly, in r5 (Fig. 6C).
Coinjection of eltC:gfp with irx7 and meis1.1 RNAs, but not with irx7
RNA or meis1.1 RNA alone, led to a strong gfp expression in the
anterior neural plate (Figs. 6B, D and Table S1 in supplementaryFig. 6. Irx7 activates and binds in vivo the krox20 cis-regulatory element C. (A–D) Embryos in
and analysed for GFP activity (A, B) or by double krox20/gfp ISH (C, D) at 24 hpf. (E–H) Tg(el
Mo1b and Mo7 (H) and analysed for GFP activity at 24 hpf (E) or by double krox20/gfp ISH a
domains perfectly overlap, resulting in a brown staining. Dotted ovals in panels A, B and E ind
coexpression of gfp and krox20. (I, J) PCR ampliﬁcation of DNA fragments from the krox20
fragment (−22,4 kbp), and the core promoter (−114 bp) on DNA obtained by ChIP with an Ir
injected embryos (J). Ab: antibody; preI: preimmune serum. Input: DNA before immunoprec
the left in panels I, J.material). This result was conﬁrmed in a transgenic line obtained from
eltC:gfp DNA injection, named Tg(eltC:gfp). Embryos from this trans-
genic line express gfp strongly in r3 and more faintly in r5, as soon
as early somite stages, and display ectopic gfp expression in the
telencephalon (Figs. 6E, F). Coinjection of irx7 and meis1.1 RNAs in
Tg(eltC:gfp) embryos leads to strong ectopic expression of gfp in the
anterior neural plate, coinciding with ectopic krox20 expression (Fig.
6G). Moreover, injection of Mo1b and Mo7 into Tg(eltC:gfp) embryos
led to a strong reduction in size or to a total absence of the r3 domain
of gfp expression (94%, n=17), (Fig. 6H). Together, these data show
that the effect of Irx7 and Meis1.1 on krox20 activation is mediated, at
least in part, by element C.
In order to determine whether Irx7 could bind krox20 regulatory
sequences, we performed in vivo chromatin immunoprecipitation
(ChIP) experiments with an anti-Irx7 antibody (see antibody
characterisation in Fig. S4 of supplementary material). When
chromatin was immunoprecipitated from 100% epiboly stage
embryos, we observed the in vivo recruitment of Irx7 on element C,
as well as on the krox20 promoter region, but not on an intermediate
genomic region (in 4 out of 4 independent ChIP experiments
analysed) (Fig. 6I). Presence of Irx7 on these sequences was also
observed at 8–10 s (in 3/3 ChIP experiments), when krox20 is fully
expressed in r3 and r5, but not at 30% epiboly (in 2/2 ChIP
experiments), when krox20 is not expressed (Fig. 6I). Since it has
been shown that element C sequence contains multiple binding sites
for Meis proteins (Wassef et al., 2008), we wondered whether Meis1.1
was also recruited on element C. To answer this question, we carried
out ChIP assays with an anti-Myc antibody on 100% epiboly stagejected with eltC:gfp DNA alone (A, C) or with eltC:gfp DNA and irx7+meis1.1 RNAs (B, D)
tC:gfp) embryos uninjected (E, F), injected with irx7+meis1.1 RNAs (G) or injected with
t 3 s (F–H). In embryos shown in panels F–H, gfp (purple) and krox20 (red) expression
icate the position of the otic vesicle. Arrows in panels D and G indicate regions of ectopic
locus: element C (−41 kbp from the krox20 transcription start site), a 422 bp genomic
x7 antibody on uninjected embryos (I) or with a anti-Myc antibody on meis1.1myc RNA
ipitation. The embryonic stages are indicated at the bottom right in panels A–H and on
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Meis1.1Myc was recruited on element C, as well as on krox20 proximal
promoter.
These data suggest that Irx7 and Meis1.1 are both recruited on
chromatin at the level of element C. We have previously shown direct
binding of Meis proteins on chick element C (Wassef et al., 2008). For
Irx7, binding may be direct or, alternatively, may occur via another, as
yet unidentiﬁed, factor. So far, in vitro electrophoretic mobility shift
assay (EMSA) experiments did not allow us to demonstrate direct
binding of Irx7 on element C (data not shown). Interestingly, in the in
vivo ChIP experiments, the binding of Irx7 to the krox20 promoter
region suggested the existence of a chromatin loop formed between
element C and this promoter.
Together, the data presented in this chapter strongly suggest that
Irx7 regulates krox20 activation via its cis-regulatory element C.
Discussion
The regulatory hierarchy involved in segmentation of the anterior
hindbrain is largely unknown. The present work identiﬁes Irx trans-
cription factors as essential components of this hierarchy. Further-
more, it shows that Irx7 functionally interacts with Meis factors, and
that this interaction is an essential step in krox20 activation in r3 and,
more generally, in anterior hindbrain segmentation.
Irx7 and Irx1b are essential for anterior hindbrain formation and
patterning
Our loss-of-function data show that irx1b and irx7 are together
essential for anterior hindbrain speciﬁcation: reducing both irx1b and
irx7 functions by morpholino injection leads to a global reduction of
the r1–r4 territory, and prevents the activation of krox20 expression in
r3. Since krox20 expression is activated in r3 at 100% epiboly (Oxtoby
and Jowett, 1993), the function of irx7 and irx1bmust begin around the
80–90% epiboly stage, when both genes are expressed in a large region
of the neural plate encompassing the midbrain and the anterior hind-
brain, including prospective r3 (Itoh et al., 2002; Lecaudey et al., 2005).
Irx7 and irx1b also play a role in mhb speciﬁcation (Itoh et al., 2002).
Although we cannot exclude that, in Mo1bMo7 double morphants,
defects in signalling from the mhb may impact on anterior hindbrain
formation and patterning, we think this is unlikely because the Fgf
pathway in themhb and anterior hindbrain is not affected inMo1bMo7
at the end of gastrulation (data not shown). Moreover, our rescue and
transplantation experiments demonstrate an essential, cell autono-
mous function for Irx factors in anterior hindbrain gene expression.
The redundancy of irx1b and irx7 and their belonging to the same
gene family strongly suggest that the products of these two genes
have similar activities. However, in our ectopic expression assay, irx1b
could not substitute to irx7. Further experiments will be required to
test whether irx1b can cooperate with other meis genes.
Cooperation between irx7 and meis genes
Our gain-of-function data show that irx7 functionally interacts
with meis1.1, another member of the TALE family, and that their
cooperative activity is sufﬁcient to activate krox20 expression in the
anterior neural plate. This activation also occurs in a vhnf1−/− or in a
val−/− backgrounds, thus demonstrating that it does not depend on the
regulatory cascade involved in krox20 activation in r5. Moreover, irx7
andmeis1.1 do not activate the r5–r6markers val and hoxb3, indicating
that irx7 and meis1.1 cooperate to specify an r3, but not an r5 fate. In
addition to activating krox20, irx7 and meis1.1 activate the expression
of several other genes expressed in the r2–r4 region: hoxb1a, hoxb2
and hoxa2, fgf8 and cyp26b1.
Our results are fully consistent with a number of studies that have
involved Meis/Prep proteins in the speciﬁcation of the hindbrain, inparticular of the r3–r4 fate (Deﬂorian et al., 2004; Dibner et al., 2001;
Salzberg et al., 1999; Vlachakis et al., 2001; Waskiewicz et al., 2001).
Overexpression of meis genes on their own does not lead to an
efﬁcient ectopic expression of krox20, indicating that Meis factors
must cooperate with other factors. Here we show that Irx7 is one of
these factors, at least for Meis1.1 and Meis2.1. As for Prep factors,
further studies will be required to uncover their potential interaction
with Irx7 and Irx1b. prep1.1 is a good candidate, since its knock-down
by morpholino injection leads to a loss of krox20 expression in r3,
similar to the Mo1bMo7 phenotype (Deﬂorian et al., 2004). However,
our ectopic expression assay did not allow us so far to uncover a
functional interaction between prep1.1 and irx genes.
The functional interaction between irx7 and meis genes implies
that these genes are coexpressed in the prospective r2–r4 region. The
available data on irx7 and meis gene expression are compatible with
such an interaction.meis genes are expressed in caudal domains of the
neural plate, with anterior limits in the hindbrain (Waskiewicz et al.,
2001; Zerucha and Prince, 2001). irx7 and meis1.1 are coexpressed in
future r3 and r4 at the tailbud stage (this study). meis2.1, the other
meis gene that synergizes with irx7, is expressed frommidgastrulation
onward in the caudal neural platewith an anterior limit in the anterior
hindbrain (Zerucha and Prince, 2001), and its expression overlaps
with that of irx1b and irx7 (A.S. and S.S.M., unpublished data).
In addition to the anterior hindbrain,meis1.1,meis2.1, irx1b and irx7
are also coexpressed at early somite stages in the midbrain (Itoh et al.,
2002;Waskiewicz et al., 2001; Zerucha and Prince, 2001). The fact that
irx7 andmeis genes are coexpressed, but do not activate krox20, in the
midbrain in normal conditions suggests either that a repressive
mechanism may prevent krox20 expression in that territory, or that
an essential coactivator is lacking, a restriction which is overcome by
overexpression of irx7 and meis1.1.
Mechanisms of krox20 activation by Irx proteins
The similarity between the mechanisms of krox20 ectopic expres-
sion after irx7 and meis1.1 and the characteristics of krox20 activation
in r3, combined to the loss of function data for both genes, strongly
suggest that irx7 andmeis1.1 act synergistically to activate endogenous
krox20 expression in r3. Moreover, the requirement of Meis, Pbx and
Hoxb1a for krox20 activation observed in our ectopic experiments is
totally consistent with our recently published data, which show that i)
krox20 activation involves binding of a Meis/Pbx/HoxPG1 complex to
krox20 initiator element C, and ii) hoxb1 and krox20 are transiently
coexpressed in r3, in bothmouse and zebraﬁsh embryos (Wassef et al.,
2008). Together, these data lead to a model for krox20 activation in r3,
in which transcription factors from four families, HoxPG1, Pbx, Meis
and Irx, cooperate to activate krox20 expression via element C. In
favour of this model, we found that absence of Irx1b and Irx7 (in
Mo1bMo7morphants) strongly decreased the ability of hoxb1a RNA to
activate krox20 expression ectopically (data not shown).
We propose that Irx factors regulate krox20 in more than one
way. First, they are involved in the regulation of hoxb1a, which, in
turn, participates in krox20 activation. Second, Irx7 may be involved
directly in krox20 activation, by being recruited on its cis-regulatory
element C. However, element C does not contain the consensus
Iroquois binding site (IBS) identiﬁed in vitro (Bilioni et al., 2005), and
we could not detect Irx7 binding to element C in EMSA experiments.
This suggests that Irx7 is recruited on element C indirectly, via an as
yet unidentiﬁed factor. Finally, Irx proteins may have other roles in
krox20 activation independent of Hoxb1a. This latter possibility is
suggested by the fact that, in double Mo1bMo7 morphants, krox20
expression in r3 is totally abolished while hoxb1a expression in r4 is
only reduced.
Here we have focused on the molecular mechanisms of Irx action
in krox20 activation. However, both our loss of function and gain of
function data show that Irx1b and Irx7 have amore general function in
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tioned, they are required for the proper expression of hoxa2 and cyp26
genes. It will be interesting to dissect out the mechanisms of regu-
lation of these genes by Irx factors.
A conserved role for Irx and Meis families in the anterior hindbrain?
In conclusion, we have uncovered a novel functional interaction
between irx and meis genes that leads to the speciﬁcation of the
anterior hindbrain in zebraﬁsh embryos. Our data contribute to a
better understanding of the mechanisms by which the anterior hind-
brainprimordium is speciﬁed and subdivided, under the control of two
families of regulatory genes expressed in different but overlapping
domains. Interestingly, Meis and Iroquois genes are expressed early in
development in the hindbrain in chick and mouse (Bosse et al., 1997;
Cohen et al., 2000; Goriely et al., 1999; Houweling et al., 2001;
Matsumoto et al., 2004; Wang et al., 2001). Therefore, the genetic
interaction between Meis and Iroquois that we describe here may
constitute a general mechanism to specify anterior hindbrain identity
in vertebrates.
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